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Wnt Signaling Induces the Myogenic Specification
of Resident CD45 Adult Stem Cells
during Muscle Regeneration
Recent studies have identified novel populations of
adult stem cells in skeletal muscle. For example, side-
population (SP) cells isolated from muscle tissue on the
basis of Hoechst dye exclusion reconstitute the blood
system of irradiated mice following bone marrow trans-
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plantation (BMT) (Gussoni et al., 1999; Jackson et al.,Ottawa, Ontario
1999). Furthermore, muscle-derived SP cells participateCanada, K1H 8L6
in the regeneration of skeletal muscle and give rise to2 Department of Biology
satellite cells (Asakura et al., 2002; Gussoni et al., 1999).McMaster University
In vitro, muscle SP cells readily form hematopoietic colo-Hamilton, Ontario
nies, but do not spontaneously differentiate as myo-Canada, L8S 4K1
genic cells (Asakura et al., 2002). Notably, a percentage
of muscle SP cells commit to muscle following coculture
with satellite cell-derived myoblasts (Asakura et al.,Summary
2002).
Various cell surface markers have also been employedThe observation that CD45 stem cells injected into
to purify adult stem cell populations from skeletal mus-the circulation participate in muscle regeneration
cle, including c-kit, Sca1, CD34, and CD45 (Dell’Agnolaraised the question of whether CD45 stem cells resi-
et al., 2002; Lee et al., 2000; Mahmud et al., 2002; McKin-dent in muscle play a physiological role during regen-
ney-Freeman et al., 2002; Romero-Ramos et al., 2002;eration. We found that CD45 cells cultured from unin-
Tamaki et al., 2002; Torrente et al., 2001). The cell surfacejured muscle were uniformly nonmyogenic. However,
antigen Sca1, used routinely in purification protocolsCD45 cells purified from regenerating muscle readily
for hematopoietic stem cells, is expressed on over 80%gave rise to determined myoblasts. The number of
of muscle SP cells. By contrast, the hematopoietic-CD45 cells in muscle rapidly expanded following in-
restricted lineage marker CD45 is expressed on aboutjury, and a high proportion entered the cell cycle. In-
16% of SP cells (Asakura et al., 2002). Importantly, Sca1vestigation of candidate pathways involved in embry-
and CD45 are not expressed on muscle satellite cellsonic myogenesis revealed that Wnt signaling was
(Asakura et al., 2002). Almost all muscle-derived hema-sufficient to induce the myogenic specification of mus-
topoietic progenitor and in vivo blood reconstitutioncle-derived CD45 stem cells. Moreover, injection of
activity is derived from CD45 cells (Asakura et al., 2002;the Wnt antagonists sFRP2/3 into regenerating muscle
McKinney-Freeman et al., 2002). By contrast, muscle-markedly reduced CD45 stem cell proliferation and
derived CD45 cells purified from uninjured muscle aremyogenic specification. Our data therefore suggest
uniformly nonmyogenic in vitro and do not form muscle
that mobilization of resident CD45 stem cells is an
efficiently in vivo (McKinney-Freeman et al., 2002). In
important factor in regeneration after injury and high-
this study, we investigated the myogenicity of resident
light the Wnt pathway as a potential therapeutic target CD45:Sca1 cells in response to muscle damage.
for degenerative neuromuscular disease. Coculture and in vivo injection experiments indicate
that CD45 SP as well as CD45 SP cells possess myo-
Introduction genic potential (Asakura et al., 2002; McKinney-Freeman
et al., 2002). Furthermore, the potential of bone marrow-
Adult skeletal muscle possesses a remarkable ability derived cells to give rise to satellite cells has recently
to regenerate following injury. New myofibers formed been documented in transplanted recipients (LaBarge
during repair are thought to arise solely from the muscle and Blau, 2002). In this study, we investigated the hy-
satellite cell lineage. Satellite cells are specialized myo- pothesis that molecular cues implicated in embryonic
genic stem cells, which reside beneath the basal lamina muscle development function analogously in adult tis-
of mature myofibers (Bischoff, 1994; Seale and Rudnicki, sue to induce the myogenic commitment of stem cells.
2000). In response to diverse stimuli, including stretch- In the developing embryo, skeletal muscle of the trunk
ing, exercise, injury, and electrical stimulation, activated and limbs arises from somites (Christ and Ordahl, 1995).
satellite cells give rise to myogenic precursor cells Somitic muscle precursors are specified in response to
(mpcs) that proliferate prior to terminal differentiation proteins secreted from the neural tube and notochord.
and fusion into myofibers (reviewed by Seale and Rud- These signals culminate in the expression of Pax3 and
nicki, 2000). The persistence of satellite cells in muscle the myogenic determination factors Myf5 and MyoD.
Sonic hedgehog (Shh), secreted by the notochord, andsubjected to repeated cycles of degeneration and re-
several proteins of the Wnt family (wingless), secretedgeneration has been interpreted to suggest that satellite
by the dorsal neural tube (Wnt1, Wnt3) and surface ecto-cells are maintained by self-renewal (Bischoff, 1994).
derm (Wnt4, Wnt6, Wnt7a), are required for induction of
embryonic myogenesis (Munsterberg et al., 1995; Taj-*Correspondence: mrudnicki@ohri.ca
bakhsh et al., 1998).3These authors contributed equally to this work.
The Wnt family of genes encodes for over twenty cys-4Present address: CNRS, UPR 9079, 7 rue Guy Moquet, 94800, Ville-
juif, France. teine-rich secreted glycoproteins that act by binding to
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Frizzled (Fzd) receptors on target cells. Binding of Wnt Importantly, CD45:Sca1 and CD45:Sca1 cells puri-
to Fzd activates Disheveled (Dvl), leading to the inactiva- fied from uninjured muscle were always Myf5nLacZ nega-
tion of Glycogen synthase kinase-3 (GSK-3), a cyto- tive and never gave rise to determined muscle cells in
plasmic serine-threonine kinase. The GSK-3 target vitro (n 6) (data not shown). Strikingly, however, 7.2%
-catenin is stabilized, translocates to the nucleus, and 2.6% of CD45:Sca1high (n  6) (see Figure 1A for sorting
activates TCF (T cell factor)-dependent transcription on gate) and 3.8%  1.8% of CD45:Sca1 (n  3) cells
specific promoters (reviewed by Dierick and Bejsovec, from regenerating muscles 4 days postinjury coex-
1999; Wodarz and Nusse, 1998). Wnt signaling directs pressed Myf5nLacZ (Figure 1C). A similar proportion of
cell fate determination in various tissues, including kid- CD45:Sca1high cells purified from regenerating muscle
ney (Labus et al., 1998; Vainio and Uusitalo, 2000), CNS (4 days post injury) expressed MyoD (Figure 1D), the
(Patapoutian and Reichardt, 2000), hematopoietic (Van muscle-specific intermediate filament protein Desmin
Den Berg et al., 1998), and skeletal muscle (Cossu and (Figure 1D), and the satellite-cell-specific Pax7 protein
Borello, 1999). Moreover, Wnt signaling is implicated (data not shown). Furthermore, CD45:Sca1 cells frac-
in postnatal wound healing and tissue regeneration in tionated from regenerating muscle differentiated to
zebrafish and hydra (Hobmayer et al., 2000; Labus et MHC-expressing myocytes following culture in differen-
al., 1998; Poss et al., 2000). tiation medium (Figure 1D). The complete absence of
Wnt proteins initiate myogenesis in explants of mouse Myf5nLacZ expression in CD45:Sca1 cells isolated
paraxial mesoderm by activating expression of Myf5 and throughout regeneration indicated the specific activa-
MyoD (Tajbakhsh et al., 1998). Myogenesis in presomitic tion of myogenesis in CD45:Sca1 and CD45:Sca1
mesoderm and early somites is inhibited by the Wnt cells. Similar results were obtained in experiments on
antagonist soluble Frizzled-related protein 3 (sFRP3/ cells that had been sorted twice.
Frzb1) (Borello et al., 1999). Therefore, Wnt signaling We also examined the impact of ctx on the numbers
appears to be necessary and, in some instances, suffi- of myogenic progenitors present within injured muscle.
cient to induce and maintain the myogenic program in Interestingly, 18 hr post ctx injection, the number of
embryonic precursor cells. Myf5nLacZ cells was reduced by approximately 30-
This study demonstrates a biological role for endoge- fold relative to uninjured muscle (1.18  103  1  103
nous CD45 muscle stem cells in maintaining tissue compared to 4.1  104  1.6  104 Myf5nLacZ cells/
integrity by participating in regeneration. Moreover, g tissue) (Figure 1E). This observation was not due to ctx-
these experiments establish that Wnt signaling is the induced Myf5 promoter silencing, since colony-forming
mechanism by which CD45 adult stem cells are in- assays of whole muscle cells produced a similar decline
duced to undergo myogenic specification. Importantly, in MyoD and Desmin myogenic cells 18 hr after ctx
our study suggests that targeting the Wnt pathway rep- injection.
resents a promising therapeutic approach for the treat- To determine the relative myogenic contribution of
ment of neuromuscular degenerative disease. CD45 and Sca1 cells during regeneration, we calcu-
lated the numbers of Myf5nLacZ-expressing cells de-
Results rived from the various muscle fractions. Our analysis
(n  3 for each time point) revealed that CD45:Sca1high,
Myogenic Commitment of CD45:Sca1 Cells CD45:Sca1, and CD45:Sca1gave rise to an average
during Muscle Regeneration of 1.54  105, 3.9  105, and 2  103 Myf5nLacZ cells/
Cells expressing the pan-hematopoietic marker CD45 g tissue, respectively, 4 days post ctx injection (Figure
and the stem cell marker Stem Cell Antigen-1 (Sca1) 1F). These numbers represent average values compiled
were purified from uninjured tibialis anterior (TA) muscle from independent experiments in which fractionated
and at varying time points after cardiotoxin (ctx) induced populations from Myf5nLacZ muscle were used to prepare
regeneration (Figure 1A). The proportion of CD45- and
cytospins and X-gal-expressing cells enumerated. Nota-
Sca1-expressing cells increased by an average of 10-
bly, committed myogenic progenitors (CD45:Sca1
fold during regeneration (n 6) (Figure 1A). Interestingly,
cells) accounted for 6.0 106 Myf5nLacZ cells/g tissueselective incorporation of BrdU into CD45:Sca1 (60%
by 4 days postinjury. The apparent toxicity of ctx onof BrdU cells) and CD45:Sca1 cells (18% of BrdU
satellite cells thus raises the question of whether thecells) at 4 days post ctx injection suggested that these
resident satellite cell population does indeed representcells undergo extensive proliferation during regenera-
the only source of myogenic progenitors following ctx-tion (Figure 1B). These observations demonstrate that
induced muscle injury.muscle cells expressing CD45 and Sca1 are activated
Taken together, these experiments document the ca-and proliferate in response to muscle damage.
pacity for muscle-derived CD45 and Sca1 cells toTo specifically identify cells that had entered the myo-
undergo myogenic specification in response to musclegenic program, muscle regeneration was induced in het-
damage. Importantly, this observation demonstrateserozygous Myf5nLacZ animals in which the bacterial
that nonsatellite-cell-derived progenitors participate inLacZ gene is expressed from the Myf5 gene locus. In
normal repair processes.these reporter mice, expression of LacZ faithfully recapitu-
lates the expression pattern of the endogenous Myf5 gene
Myogenic Commitment of CD45:Sca1 Cells Inducedand is rapidly induced following myogenic commitment
by Coculture with Myoblasts or Exposure(Tajbakhsh and Buckingham, 1995). CD45:Sca1 cells
to Lithiumwere fractionated from uninjured and regenerating mus-
As stated previously, CD45:Sca1 cells purified fromcle 4 days after ctx injection and immediately used to
prepare cytospins. uninjured skeletal muscle do not form myogenic cells
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Figure 1. Myogenic Recruitment of CD45:Sca1 Cells in Regenerating Muscle
(A) Flow cytometric analysis of skeletal muscle-derived cells demonstrated that the proportion of cells expressing the hematopoietic markers
CD45 and Sca1 increased dramatically in regenerating muscle (4 and 7 days after cardiotoxin [ctx] injection). The gating for CD45:Sca1high
cells is shown for the 4 day time point.
(B) In vivo cell proliferation experiments indicated that 60% and 18% of BrdU cells were CD45-:Sca1 and CD45:Sca1, respectively, at 4
days postinjury (red  BrdU cells, blue  total cells).
(C)7%–10% of CD45:Sca1high cells purified from regenerating (4 days), but not uninjured, Myf5nLacZ skeletal muscle coexpressed CD45,
Sca1, and Myf5nLacZ as detected by X-Gal reaction.
(D) Fractionated CD45:Sca1high cells gave rise to MyoD- and Desmin-expressing skeletal muscle cells in culture. Moreover, a similar proportion
of CD45:Sca1high cells differentiated to Myosin Heavy Chain (MHC)-expressing myotubes.
(E) The number of Myf5nLacZ satellite cells was 30-fold lower 18 hr after cardiotoxin injection compared to uninjured muscle.
(F) Quantitative analysis indicated that the CD45:Sca1high (red) and CD45:Sca1 (blue) fractions gave rise to an average of 1.54  105 and
3.9  105 myogenic cells, respectively, while the CD45:Sca1 (black) fraction contained negligible myogenic activity.
spontaneously (data not shown and Asakura et al., 2002; CD45:Sca1 muscle cells from EGFP transgenic mice
formed mononuclear, MHC-expressing myocytes (Fig-McKinney-Freeman et al., 2002). However, in coculture
with primary myoblasts, 0.5%  0.03% of input ure 2A, ctrl). This frequency of myogenic differentiation
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stimulate myogenesis in CD45:Sca1 muscle cells. Ad-
dition of 10 or 100 ng/ml of recombinant Shh to
CD45:Sca1 cells alone or in coculture with myoblasts
did not influence their myogenic differentiation effi-
ciency. However, a 3- to 4-fold increase in CD45:Sca1
cell survival was observed following exposure to 100
ng/ml Shh (data not shown). Our results thus implicate
Wnts, but not Shh, in the myogenic specification of
CD45:Sca1 cells.
Induction of Wnt and sFRP Expression
in Regenerating Muscle
The expression kinetics of genes in the Wnt signaling
cascade was analyzed by semiquantitative RT-PCR dur-
ing skeletal muscle regeneration. The mRNAs for
Wnts5a, 5b, 7a, and 7b were induced in regenerating
muscle (4 days postinjury), whereas Wnt4 was strongly
downregulated (Figure 3A). To determine whether
upregulation of Wnts at the mRNA level corresponded
to increased protein expression, Western blot analysis
of Wnt5a protein was performed. Wnt5a was strongly
expressed from day 2 to day 10 of regeneration in two
independent experiments (data not shown). Wnt1 and
Wnt3a mRNAs were not expressed in any of the samples
analyzed (data not shown). We also observed a strong
but late induction of sFRPs 1, 2, and 3, but not of sFRP4Figure 2. Myogenic Commitment of CD45:Sca1 Cells Induced by
Coculture with Myoblasts or Exposure to Lithium (Figure 3A). Fzds were not highly expressed in total
(A) EGFP-expressing CD45:Sca1high cells cocultured with primary muscle, and there was no induction during regeneration
myoblasts gave rise to mononuclear MHC-expressing myocytes at (data not shown).
a frequency of 0.5%. In cocultures supplemented with 10 mM LiCl, In addition, we analyzed Affymetrix array experiments
7.5% of EGFP:CD45:Sca1high cells formed MHC-expressing myo- on regenerating mouse gastrocnemius muscle per-
cytes (arrowheads). Arrows indicate EGFP, nonmyogenic cells.
formed at the CNMC Microarray Center. Gene expres-(B) CD45:Sca1high cells cultivated alone in differentiation medium
sion was assayed in uninjured muscle (control) and atsupplemented with 10 mM LiCl formed, MHC-expressing myocytes
(arrowheads). 12 hr, 1 day, 4 days, and 10 days post ctx injection with
four independent replicates performed for each time point
(publicly available at http://microarray.cnmcresearch.
org). Only genes that showed 2-fold expressionis an underestimate of the actual efficiency, since EGFP
changes between control and experimental samples (re-is only detectable in up to 50% of muscle cells from these
generating) following four possible pairwise compari-transgenic mice and the plating efficiency of CD45:Sca1
sons were studied further. Our analysis of these datacells is low (discussed later). The complete absence of
confirmed that Wnts 5a, 5b, 7a, and 7b were upregulatedmyogenic cells observed in CD45:Sca1 fractions cul-
as early as 24 hr postinjury, with high levels of expressiontured alone (n  6) ruled out any possible contamination
maintained through the 10 day regeneration time courseof cocultures with myoblasts due to sorting.
(data not shown). sFRPs, by contrast, were upregulatedThe Wnt signaling pathway is activated by lithium
late in regeneration from day 4 to day 10 postinjury.through inhibition of GSK-3, and stabilization of
Specifically, sFRP1, 2, and 4 were upregulated 7.3 -catenin in treated cells (Hedgepeth et al., 1997). There-
1.2-, 4.9  0.3-, and 7.4  4.1-fold, respectively, at 10fore, to investigate whether the Wnt signaling pathway
days of regeneration relative to uninjured muscle (aver-was involved in this phenomenon, cocultures of
age of four pairwise comparisons). In summary, our geneCD45:Sca1 muscle cells and primary myoblasts were
expression studies suggest roles for Wnts 5a, 5b, 7a,exposed to 10 mM LiCl. Strikingly, treatment of cocul-
and 7b in regenerating muscle.tures with 10 mM LiCl resulted in a 15-fold increase in
the frequency of GFP MHC-expressing myocytes to
7.5% (n  3) of input cells (Figure 2A). Moreover, Wnt and sFRP Expression in Myoblasts,
Myotubes, and Isolated Muscle FibersCD45:Sca1 cells cultured without myoblasts in LiCl-
containing differentiation medium underwent myogenic Given the capacity for CD45:Sca1 cells to undergo
myogenic conversion in coculture with primary myo-differentiation as evidenced by MHC expression (Figure
2B). In growth conditions, however, LiCl induced rapid blasts (Figure 2), we examined myoblasts, myotubes,
and myofibers for the expression of Wnts and sFRPs.death of myogenic cells within 48 hr, precluding further
analysis of these cultures. In summary, these results Importantly, Wnts 5a and 5b were expressed in prolifer-
ating myoblasts, but not in differentiated myotubes. Bysuggested that activation of the Wnt signaling pathway
induced myogenic specification in CD45:Sca1 cells contrast, Wnt7a was expressed in myotubes, but not in
myoblasts (Figure 3B). Interestingly, all three Wnts wereisolated from adult skeletal muscle.
We also tested whether Sonic hedgehog (Shh) could expressed in isolated single muscle fibers. However,
Wnts Induce Adult Stem Cell Myogenesis
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Figure 4. CD45:Sca1 Cells Upregulate -Catenin during Regen-
eration
(A) Western blot analysis revealed increased levels of -catenin
protein in extracts of regenerating muscle.
(B) High levels of -catenin protein were observed in fractionated
CD45:Sca1 and CD45:Sca1 cells from regenerating (4 days
postinjury), but not uninjured, skeletal muscle.
Therefore, CD45:Sca1 cells were isolated from resting
and regenerating TA muscle and examined for expres-
sion of Fzds. RT-PCR for Fzds was performed with fully
degenerate primers followed by cloning and sequencing
of PCR products. CD45:Sca1 cells from resting mus-
cle were observed to express Fzd 1 and 4. By 4 days
after ctx injection, CD45:Sca1 cells upregulated Fzd
expression overall and additionally expressed Fzd7
(Figure 3C). Importantly, the observed upregulation in
the expression of Fzd mRNAs was specific to the
CD45:Sca1 population as no change in Fzd mRNA
expression was observed in RNA isolated from resting
Figure 3. Upregulation of Wnts and sFRPs in Regenerating Muscle and regenerating total TA muscle (data not shown).
(A) RT-PCR analysis indicated increased expression of Wnts 5a, 5b,
7a, and 7b in regenerating TA muscle. By contrast, expression of CD45:Sca1 Cells Upregulate -Catenin
Wnt4 was downregulated following injury. Increased expression of
during Muscle RegenerationsFRPs 1, 2, 3, but not sFRP4, was observed in regenerating muscle.
To determine whether Wnt signaling was activated in(B) RT-PCR studies showed that Wnts 5a and 5b were expressed
regenerating muscle, Western blot analysis was em-in muscle fibers (fiber) and proliferating myoblasts (mb); Wnt7a is
primarily expressed in fibers and cultured myotubes (mt) (3 days of ployed to detect -catenin. Stabilization and nuclear
differentiation in culture). sFRPs 1-4 were expressed in myoblasts, accumulation of -catenin is the hallmark for activation
myotubes, and fibers. of the canonical Wnt pathway in responder cells (Pandur
(C) Wnt receptors, Fzd 1,4 and Fzd 1,4,7 were expressed in purified
et al., 2002). -catenin was strongly upregulated in ex-CD45:Sca1 cells from uninjured and regenerating muscle (4 days
tracts from regenerating TA muscle relative to uninjuredpostinjury), respectively.
muscle (Figure 4A). Importantly, expression of -catenin
protein was induced to high levels in CD45:Sca1 cells
after muscle injury (Figure 4B). By contrast, CD45:Sca1mRNA for Wnt7b was not detected in any sample. Lastly,
cells did not express detectable levels of -catenin. InsFRPs 1–4 were also expressed in myoblasts, myotubes,
regenerating muscle, the CD45:Sca1 population,and muscle fibers (Figure 3B). These results therefore
composed almost exclusively of myoblasts (our unpub-suggest the hypothesis that expression of Wnt5a and
lished data), also expressed high levels of -catenin.Wnt5b in myoblasts induces the myogenic commitment
These data support the hypothesis that CD45:Sca1of CD45 adult stem cells in our coculture experiments.
cells respond to Wnt signaling via the canonical WntMoreover, these data suggest that combined signaling
signaling pathway in regenerating TA muscle.by Wnts 5a, 5b, and 7a secreted by myofibers and myo-
blasts in regenerating muscle are responsible for the
myogenic commitment of adult muscle-derived stem Ectopic Wnts Induce Myogenic Commitment
of CD45:Sca1 Cellscells.
To investigate whether Wnts were sufficient to induce
myogenic conversion of CD45:Sca1 cells, a panel ofCD45:Sca1 Cells Express Frizzled-1, -4, and -7
If CD45:Sca1 cells represent the target for Wnts during stable cell lines was established that expressed recom-
binant HA-tagged Wnt proteins. Following coculturemuscle regeneration, we predicted that CD45:Sca1
cells would express the Wnt-receptor Frizzled (Fzd). with AtT-20 cells that expressed ectopic Wnts 5a, 5b,
Cell
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determination protein MyoD and the satellite cell marker
Pax7 (Figure 5B). In addition, MHC-positive myocytes
were observed after the cultures were switched to differ-
entiation conditions for 48 hr (Figure 5B). By contrast,
CD45:Sca1 cells cocultured with control, non-Wnt-
expressing AtT-20 cells did not express any myogenic
markers (Figure 5C). Thus, signaling by a mixture of
Wnts 5a, 5b, 7a, and 7b led to myogenic commitment
of CD45:Sca1 cells in vitro. Individual Wnt-expressing
cell lines induced myogenic commitment of CD45:Sca1
cells but at a lower efficiency (data not shown).
The plating efficiency of CD45:Sca1 cells was re-
producibly 2%–4% of input cells, about the same plating
efficiency as observed with newly isolated primary myo-
blasts. After 3 days of culture, 2%–4% of the number
of input EGFP CD45:Sca1 cells were present after
coculture with Wnt-expressing AtT-20 cells. Importantly,
over 90% of surviving CD45:Sca1 cells converted to
the myogenic lineage. Taken together, these experi-
ments unequivocally demonstrate that Wnt signaling ac-
tivates the myogenic recruitment of CD45:Sca1 cells
isolated from uninjured muscle.
Injected sFRPs Severely Reduce the Myogenic
Recruitment of CD45:Sca1 Cells
during Regeneration
To evaluate the relevance of Wnt signaling as an effecter
of muscle regeneration in vivo, we injected recombinant
Wnt antagonists sFRP2 and 3 (100 ng of each) on a
daily basis into regenerating muscles of Myf5nlacZ mice.
Three control animal groups were employed to assess
possible extraneous effects. One group (uninjured con-
trol) was not injected with ctx and did not receive subse-
quent sFRP injections. The second group received an
initial injection of PBS rather than ctx, followed by daily
sFRP injections. The final group was injected with ctx
to induce regeneration, followed by daily injection of
PBS in the place of sFRPs.
Flow cytometric analysis of muscle cells demon-
Figure 5. Ectopic Wnts Induce Myogenic Commitment of strated that the increase in the CD45:Sca1high cells
CD45:Sca1 Cells
observed 4 days following injury (Figure 6B) was re-
(A) EGFP-expressing CD45:Sca1 cells from uninjured muscle dis-
duced about 4-fold by daily injections of sFRPs 2 andplayed nuclear and/or cytoplasmic accumulation of -catenin pro-
3 (Figure 6C). Furthermore, the reduced numbers oftein (arrowheads) after 3 days of coculture with cell lines expressing
CD45:Sca1high cells did not result from a concomitantWnts 5a, 5b, 7a, and 7b (Wnt mix). By contrast, expression of
-catenin was confined to the plasma membrane in CD45:Sca1 decrease in total numbers of mononuclear cells. Impor-
cells cocultured with cells transfected with empty pLNCX vector tantly, injection of sFRPs into uninjured muscle did not
(control). induce regeneration or produce any morphological
(B) CD45:Sca1 cells expressed MyoD and Pax7 following 3 days
changes in the TA muscle (Figure 6A and data notof coculture with Wnt 5a-, 5b-, 7a-, and 7b-expressing cells.
shown).CD45:Sca1 cells differentiated as MHC-expressing myocytes fol-
The proportion of CD45:Sca1 cells expressinglowing exposure of cocultures to low-mitogen conditions.
(C) CD45:Sca1 cells did not initiate expression of MyoD, Pax7, Myf5nLacZ was examined at 5 days following daily sFRP
or MHC in coculture with cell lines stably transfected with control injections. Similar to our previous experiments (Figure
empty vector (pLNCX). 1), 6.71%  1.44% of CD45:Sca1high cells obtained di-
rectly from regenerating muscle 4 days after injury ex-
pressed Myf5nLacZ (n  3) (Figure 6D). Importantly,7a, and 7b (Wnt mix), EGFP-expressing CD45:Sca1
cells displayed cytoplasmic and/or nuclear localization Myf5nLacZ was not expressed in CD45:Sca1 cells
isolated from uninjured muscle (Figure 6D). Strikingly,of -catenin (arrowheads) consistent with activation of
Wnt signaling in these cells (Figure 5A). By contrast, daily injection of sFRP 2 and 3 into regenerating muscle
resulted in about a 6-fold reduction in the numbers ofCD45:Sca1 cells cocultured with AtT-20 cells stably
transfected with empty vector did not accumulate cyto- Myf5nLacZ-expressing cells in the CD45:Sca1 frac-
tion (Figure 6D). Thus, inhibition of Wnt signaling mark-plasmic or nuclear -catenin (Figure 5A).
In growth conditions, CD45:Sca1 cells cocultured edly reduced the myogenic recruitment of CD45:Sca1
cells in vivo.with Wnt cell lines initiated expression of the myogenic
Wnts Induce Adult Stem Cell Myogenesis
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Figure 6. Injection of sFRPs Markedly Decreases Recruitment CD45:Sca1 Cells during Regeneration
(A–C) Flow cytometric analysis for CD45 and Sca1 revealed a decreased proportion of CD45:Sca1high cells in regenerating muscle treated
daily with sFRPs 2 and 3 (C), compared to regenerating muscle injected with PBS (B). Injection of sFRPs into uninjured muscle (A) did not
induce regeneration or influence the proportion of CD45 and Sca1 cells.
(D) The proportion of CD45:Sca1high cells that coexpressed Myf5nLacZ was reduced by 6-fold, following treatment of regenerating muscle
with sFRPs 2 and 3.
(E) A 7-fold reduction in the number of Desmin-expressing myoblasts was recovered from regenerating muscle treated with sFRPs.
To further characterize the effect of sFRPs on muscle analyses (data not shown; Asakura et al., 2002; McKin-
ney-Freeman et al., 2002). By contrast, a high proportionregeneration, we analyzed the recovery of myogenic
of CD45:Sca1 cells isolated from regenerating musclecells in the total pool of mononuclear cells from muscle 4
readily underwent myogenic differentiation in vitro (Fig-days postinjury. 1104 cells from the three experimental
ures 1C and 1D). These results provide direct evidencegroups were plated in each well and analyzed 24 hr later
that CD45 adult stem cells have a normal physiologicalfor expression of Desmin, a marker specific to skeletal
role for tissue regeneration in vivo.muscle cells (Figure 6E). We found that daily sFRP injec-
The observed upregulation of Wnts in regenerating mus-tion produced about a 7-fold decrease in the number
cle suggested a role for Wnt signaling in muscle regenera-of mononuclear Desmin-expressing myoblasts in 4 day
tion (Figure 3A). Stimulation of the Wnt signaling cascaderegenerating TA muscle relative to PBS-injected regen-
with lithium in freshly isolated CD45:Sca1 cells waserating muscle (4.47 105 1 105 compared to 6.03
sufficient to induce muscle specification (Figure 2). More-104  3.03  104 cells/gram tissue) (Figure 6E). Taken
over, myogenic commitment of CD45:Sca1 cells wastogether, these results strongly implicate Wnt signaling
induced by coculture with cells ectopically expressingin the commitment of muscle stem cells to the myogenic
Wnt proteins (Figure 5). The stabilization of nuclearlineage during regeneration.
-catenin specifically in CD45:Sca1 cells isolated
from regenerating muscle is consistent with the hypoth-
Discussion esis that these cells are targeted for Wnt-induced myo-
genesis in vivo (Figure 4). Moreover, the marked reduc-
CD45 is considered a lineage-restricted pan-hematopoi- tion in numbers of myogenic CD45:Sca1 cells in
etic marker that is not expressed on satellite cells (Asa- injured muscle treated with sFRPs demonstrated a func-
kura et al., 2002) or on any other nonhematopoietic cell tional requirement for Wnt in the myogenic specification
types (reviewed by Penninger et al., 2001; Sasaki et al., of these cells (Figure 6). Taken together, these findings
2001). Following experimentally induced injury in adult unequivocally implicate Wnt signaling in the myogenic
skeletal muscle, a 10-fold expansion in the numbers of recruitment of adult muscle stem cells (see Figure 7).
cells coexpressing the cell surface markers CD45 and Enriched populations of adult stem cells were first
Sca1 was observed (Figure 1A). CD45:Sca1 cells iso- isolated from skeletal muscles as side-population (SP)
lated from uninjured muscle displayed no myogenic po- cells on the basis of Hoechst dye exclusion (Gussoni et
al., 1999). The capacity for muscle-derived cells to en-tential whatsoever in our experiments and in previous
Cell
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tured clonal cell lines or even as short-term cultures
invariably alters their molecular phenotype and differen-
tiation potential (Tang et al., 2001). For example,
CD45:Sca1 muscle cells cultured in defined medium
containing IL-6 and SCF acquire hematopoietic compe-
tence and CD45 expression (Howell et al., 2002). More-
over, we have observed that CD45:Sca1 cells purified
from regenerating muscle lose expression of CD45 after
2 days in myoblast growth conditions (data not shown).
Whether different muscle cell populations with varying
degrees of myogenic potential are related remains un-
known, and further study will be required to elucidate
potential relationships.
The purpose of our study was to identify molecular
mechanisms by which nonmyogenic cells are recruited
to the myogenic lineage under conditions of physiologi-
cal stress. For this reason, we investigated the myogenicFigure 7. Role for Wnt Signaling in Myogenic Recruitment of Adult
potential of cells expressing the hematopoietic re-Stem Cells
stricted CD45 antigen. The expression of CD45 on cellsOur experiments suggest the hypothesis that Wnt signals secreted
from damaged fibers, resident myoblasts, and possibly other cell that commit to the myogenic lineage in regenerating
types in injured muscle induces the activation of myogenic transcrip- muscle suggests a hematopoietic origin for these cells
tion factors and commitment of stem cells to muscle precursors. (Figure 1). Importantly, CD45 is not expressed in quies-
Wnt signaling may converge on activation of the Pax7 gene to induce cent satellite cells, activated satellite cells on musclemyogenic specification. Following repair, secretion of Wnt antago-
fibers, or in satellite cell derived myoblasts (data notnists, sFRPs 2 and 3, blocks Wnt signals, thereby interrupting the
shown and Asakura et al., 2002). Furthermore, expres-myogenic recruitment of stem cells.
sion of Sca1 in muscle is associated with vascular struc-
tures and is not expressed in the satellite cell lineage
(Asakura et al., 2002). Therefore, we are confident thatgraft bone marrow and reconstitute all blood cell lin-
CD45:Sca1 cells represent a source of progenitoreages in irradiated mice suggested the existence of a
cells distinct from muscle satellite cells.multipotent stem cell compartment in skeletal muscle
The number of myogenic progenitors directly derived(Jackson et al., 1999). Moreover, muscle SP cells partici-
from CD45:Sca1 cells in regenerating muscle at 4pate in skeletal myogenesis and give rise to myogenic
days postinjury is low in comparison to myoblasts ob-stem cells following intravenous or intramuscular injec-
tained from the CD45:Sca1 fraction. Presumably, thistion (Asakura et al., 2002; Gussoni et al., 1999). It is
low frequency reflects the transitional state ofunclear, however, whether muscle SP cells with hemato-
CD45:Sca1/Myf5nLacZ cells, which rapidly give rise
poietic activity are also capable of muscle differentiation
to proliferating CD45:Sca1 myoblasts indistinguish-
or if the SP compartment contains distinct muscle- and
able from satellite-cell-derived muscle precursors. Con-
blood-forming cells. Recent studies have demonstrated
sistent with this notion, CD45 expression is quickly lost
that the hematopoietic activity in uninjured skeletal mus- on myogenic cells derived from the CD45:Sca1 frac-
cle is derived from cells expressing CD45 (Asakura et tion in vitro. This observation suggests that the hemato-
al., 2002; McKinney-Freeman et al., 2002). Previously, poietic properties of CD45:Sca1 are lost, as these
we and others have noted that cultured CD45 cells cells adopt a myogenic fate in response to Wnt signals.
from uninjured muscle did not enter the myogenic differ- In the future, clonal marking will be required to establish
entiation program (our unpublished data; Asakura et al., whether single CD45:Sca1 cells are indeed multipo-
2002; McKinney-Freeman et al., 2002). Importantly, in tent stem cells capable of hematopoietic and myogenic
the current study, we demonstrate that endogenous commitment.
CD45 cells are recruited into the myogenic lineage in Satellite cells are believed to be the sole source of
response to muscle injury. myogenic progenitors and thus entirely responsible for
Several other groups have characterized cells derived muscle regeneration following ctx-induced injury. How-
from adult skeletal muscle that exhibit stem cell proper- ever, we observed an 30-fold decrease in the total
ties (Qu-Petersen et al., 2002; Tamaki et al., 2002; Tor- number of satellite cells 18 hr after ctx injection, sug-
rente et al., 2001). For instance, clonal populations of gesting that satellite cells were likely killed by exposure
muscle cells isolated on the basis of adherence proper- to ctx. Notably, by 4 days, the total number of myogenic
ties display multipotent myogenic, neurogenic, and en- progenitors in a regenerating TA muscle reached3.9
dothelial differentiation plasticity (Qu-Petersen et al., 105. This expansion of myogenic progenitors appears
2002). These cultured muscle cells express CD34 and to exceed the capacity of the TA muscle, given the
Sca1 but are uniformly CD45 and c-kit negative. A similar starting number of satellite cells and the fact that satel-
study demonstrated myogenic, endothelial and adipo- lite cells do not migrate between muscle groups
genic differentiation from cloned CD34:CD45 muscle (Bischoff, 1994; Schultz et al., 1986). Taken together,
cells (Tamaki et al., 2002). There has, however, been our data therefore suggests that CD45 stem cells resi-
no consensus on the interrelationships between these dent in muscle play a major role in effecting muscle
various populations. One difficulty in comparing such regeneration.
One potential source for the CD45 cells is the circula-populations is that their derivation as continuous cul-
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tion. However, several lines of evidence argue that the many tissue types and are upregulated during develop-
stem cells responsible for muscle regeneration following ment or regeneration (Levin et al., 2001; Leyns et al.,
ctx-induced injury are resident within the tissue and do 1997). sFRPs block Wnt signaling through direct binding
not migrate in significant numbers from the circulation (Lescher et al., 1998). Similar to Wnt-Fzd interaction,
in nonirradiated animals. First, high-dose local irradia- sFRPs do not seem to have strict specificity for distinct
tion of limbs results in a long-term deficit in muscle Wnts. For example, sFRP1 was shown to block Wnt4
growth and regeneration, suggesting that circulating activity in kidney development (Davies and Fisher, 2002),
stem cells do not normally restore muscle stem cell Wnt7a in the cerebellum (Hall et al., 2000), and Wnt1 in
pools (Heslop et al., 2000; Pagel and Partridge, 1999; epithelial cells (Dennis et al., 1999). Chick sFRP3 was
Wakeford et al., 1991). Second, transplanted muscles suggested to antagonize Wnt1, 3a, 5a, 7a, and 8c during
do not efficiently incorporate host nuclei following injury embryogenesis (Baranski et al., 2000).
and regeneration (Schultz et al., 1986). Third, the num- In developing muscle, sFRP3/frzb1 abolishes myo-
bers of CD45:Sca1 cells undergo a 10-fold expansion genesis in mouse somites by specifically downregulat-
possibly mediated by cell division in situ as evidenced ing Myf5 (Borello et al., 1999). In Xenopus embryos,
by BrdU incorporation (Figure 1B). Together, these ex- overexpression of sFRP3/Frzb1 suppresses MyoD and
periments demonstrate that circulating stem cells do not leads to abnormal head and trunk formation (Leyns et
normally contribute to stem cell pools within damaged al., 1997). Taken together, these observations suggest
muscle. Therefore, CD45 stem cells appear to repre- a developmental role for sFRPs in antagonizing Wnt-
sent a stable and resident population of cells within activation of myogenesis. In our study, we found that
muscle tissue. sFRPs were upregulated in the latter stages of muscle
Several upstream signaling pathways have been im- regeneration (Figure 3A). We hypothesize that late ex-
plicated as positively or negatively regulating myogenic pression of sFRPs inhibits the Wnt-dependent recruit-
specification during embryonic development. For exam- ment of myogenic progenitors after regeneration is com-
ple, Shh expressed in the floor plate and the notochord plete (Figure 7). Moreover, the reduced myogenic
and Wnt family members expressed in the dorsal neural specification of stem cells observed in regenerating
tube combinatorially activate myogenesis in the somite muscle injected with sFRPs demonstrates a functional
(Munsterberg et al., 1995; Schmidt et al., 2000). Wnts role for Wnts in adult stem cell differentiation and high-
directly stimulate myogenesis in the somite whereas lights the importance in timing of sFRP expression. Im-
Shh is believed to direct myogenesis through activation portantly, abrogation of Wnt signaling in regenerating
of Noggin expression in the dorsal somite. Noggin sub- muscle markedly reduced the pool of muscle progeni-
sequently inhibits the negative activity of lateral plate- tors in vivo, revealing the essential role of Wnts for re-
derived BMP4 on myogenesis (Hirsinger et al., 1997; generative myogenesis.
Marcelle et al., 1997; Reshef et al., 1998). Notch signaling In conclusion, endogenous adult stem cells resident
pathways also appear to exert negative effects on myo- in muscle expressing classical hematopoietic markers
genesis (Kopan et al., 1994; Shawber et al., 1996). In participate in muscle regeneration. This result demon-
explants of paraxial mesoderm from mouse embryos, strates that nonsatellite-cell-derived myogenic progeni-
Wnt1 preferentially activates Myf5, whereas Wnt7a pref- tors have a physiological role in muscle regeneration
erentially activates MyoD (Tajbakhsh et al., 1998). Our and tissue homeostasis. A central question to the study
study suggests a role for Wnt signaling in regenerating of adult stem cells has been the identity of signals regu-
skeletal muscle analogous to its role in embryonic myo- lating their differentiation into specialized cell types. In
genesis. this report, we have established a role for Wnts in the
The molecular mechanisms that function downstream myogenic commitment of adult stem cells during skele-
of Wnt to induce myogenesis in CD45:Sca1 cells are tal muscle regeneration. Our data demonstrate that
unclear. Our results demonstrate specific upregulation
Wnts are necessary and sufficient for the myogenic
of -catenin protein in these cells. However, the identifi-
specification of adult stem cells. Further studies are
cation of specific downstream target genes regulating
required to define the precise molecular targets for Wntsmuscle determination in these cells will require future
in stem cell populations. The ability of injected sFRPstudies. It is clear from our experiments that exposure
proteins to attenuate the myogenic differentiation ofof CD45:Sca1 cells to Wnt proteins enhanced their
CD45 stem cells unequivocally underscores the clinicalsurvival in culture. From this result, it is conceivable that
potential for modulating Wnt signaling in muscle tissue.the Wnt-dependent specification of stem cells operates
Clearly, modulation of the Wnt pathway for the treatmentby promoting the selective survival of cells with myo-
of neuromuscular diseases represents an importantgenic potential. In fact, selective survival of myogenic
therapeutic possibility that must now be actively ex-progenitors has not been ruled out as a mechanism for
plored.the Wnt-dependent specification of embryonic muscle
lineages. To distinguish between survival and instructive
cues as mechanisms for Wnt-induced myogenesis, it will Experimental Procedures
be necessary to pinpoint direct transcriptional targets
Cell Sortingof the Wnt signal transduction cascade in stem cells.
Mononuclear cells were obtained from hind limb muscles of -actin-Interestingly, TCF/LEF binding sites are contained in the
EGFP transgenic mice (Hadjantonakis et al., 1998) or Myf5nLacZ
Pax7 promoter, suggesting that direct activation of Pax7 transgenic mice (Tajbakhsh and Buckingham, 1995). Muscle cells
by Wnt signaling may induce myogenesis in stem cells were recovered as described previously (Megeney et al., 1996).
(Figure 7). Mononuclear cells were washed twice with DMEM supplemented
with 5% FBS and suspended at a concentration of 2–3  106 cells/Soluble Wnt antagonists, sFRPs, are expressed in
Cell
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ml. Staining was performed for 30–45 min on ice using the following 5-TAGGTCGTCGAGACAGACAGGGG-3; 234 bp); sFRP3 (5-ATTT
TCCTATGGATTCAAGTACTG-3; 5-TTGACTTTCTTACCAAGCCGAantibodies: CD45-APC, clone 30-F11 or CD45.2-FITC (clone 104),
Sca1-PE, clone D7 (BD Pharmingen). Alternatively, we used CD45- TCCTT-3; 396 bp); sFRP4 (5- TGGATAGACATCACACCAGA
TAT-3; 5-CCTGAAGCCTCTCTTCCCA-3; 423 bp).biotin, clone 30-F11, followed by 10 min incubation with Streptavidin
tri-color conjugate (Caltag Labs). Primary antibodies were diluted
at 1:200, and Streptavidin tri-color conjugate was diluted 1:1000. Cardiotoxin-Induced Regeneration
After two washes with DMEM at 4	C, cells were separated on a 5- to 8-week-old mice were anesthetized with Halothane gas. 25 
l
MoFlo cytometer (DakoCytomation) equipped with three lasers. Sort of 10 
M cardiotoxin (Latoxan) was injected directly into the TA
gates were strictly defined based on isotype control stained cells muscle using a 29 G 1/2 insulin syringe. For cell proliferation assays,
and single antibody staining. Dead cells and debris were excluded 0.3 mg/kg of 5-bromo-deoxyuridine (BrdU, Sigma) was injected in-
by gating on forward and side scatter profiles. Sorting was per- traperitoneally 90 min prior to sacrificing animals. Cells that had
formed using single cell mode to achieve the highest possible purity. incorporated BrdU were detected by flow cytometry using a FITC
The purity of sorted populations was routinely 98%. conjugated anti-BrdU antibody (BD Pharmingen). For sFRP experi-
For direct analysis of sorted cell populations, cells were washed ments, 100 ng of recombinant sFRP 2 and 3 (R&D Systems) were
and suspended in phosphate-buffered saline (PBS) and cytospun injected into regenerating TA muscle. Control animals received in-
onto silanized slides (DAKO). X-gal staining was performed as de- jections of equal volumes of PBS. For analysis of total TA cell popula-
scribed previously (Kablar et al., 1997). tions, 1  104 mononuclear cells were plated on collagen-coated
chamber slides overnight and then stained with anti-Desmin anti-
body (DAKO) at 1:200. Donkey anti-mouse FITC (Chemicon) at 1:500Cell Culture and Stable Cell Lines
was used for secondary detection.Primary myoblasts were isolated from hind limb muscle of 3-week-
old Balb/c mice and maintained in HAM’s F-10 medium (Invitrogen)
supplemented with 20% FBS and 2.5 ng/ml bFGF (Invitrogen). Single Western Blot Analyses
muscle fibers were prepared from the extensor digitorum longus Uninjured and regenerating TA muscles were flash frozen in liquid
muscle as described previously (Rosenblatt et al., 1995). AtT-20, nitrogen, crushed, and lysed in extraction buffer (50 mM Tris-HCl
BOSC 23, C3H10T1/2, and Cos1 cells were obtained from the ATCC [pH 7.4], 0.1% Triton X-100, 5 mM EDTA, 250 mM NaCl, 50 mM
and maintained in DMEM supplemented with 10% FBS. Stable cell NaF) including protease inhibitors (Complet, Roche). The extracts
lines expressing HA-Wnt proteins were derived as described pre- were normalized for protein content using Bio-Rad dye. 50 
g of
viously (Shimizu et al., 1997). Expression of HA-Wnts was confirmed lysate was separated by sodium dodecyl sulfate-polyacrylamide
by Western blot analysis with anti-HA antibody (HA-7, Sigma). gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose
filters. Filters were probed with antibodies to Wnt5a, 1:200 (AF645,
R&D Systems); -catenin, 1:250 (BD Transduction Laboratories);Coculture Experiments and Immunohistochemistry
and -tubulin, 1:2000 (T 9026, Sigma). Secondary detection wasFor coculture experiments, primary myoblasts or Wnt-expressing
performed with horseradish peroxidase-conjugated antibodiescells were mixed with purified CD45:Sca1 cells at a ratio of 1:1
(BioRad). Protein expression was visualized using the ECL Plus kitand seeded on collagen-coated 2-well Permanox chamber slides
(Amersham).(Lab-Tek). The density was 2  104 cells/chamber for coculture
in growth conditions and 4  104 cells/chamber for differentiation
Affymetrix Expression Profiling of Regenerating Muscleexperiments. The cocultures were maintained in HAM’s F-10 me-
Gene expression profiling and data analysis of regenerating mousedium, supplemented with 20% FBS for 3 days, and switched to
gastrocnemius muscle was performed at the CNMC Research Cen-DMEM/5% horse serum for differentiation experiments. For the Li2
ter, as described by Zhao et al. (2002). Briefly, gastrocnemius mus-or Shh conversion experiments, LiCl (Sigma) at 10 mM or Shh-N
cles were injected with 100 
l of 10 mM cardiotoxin (ctx) (Calbio-(R&D Systems) at 10 or 100 ng/ml was added to the differentiation
chem). RNA was prepared from four individual muscles at time 0media. For immunohistochemical analysis, cells were fixed with 2%
(no injection), 12 hr, 1 day, 2 days, and 10 days after ctx injection.PFA for 15 min at room temperature, permeabilized with 0.05%
Biotin-labeled cRNA was obtained for each replicate, fragmented,Triton X-100 for 15 min, blocked with 1%BSA/5% HS in PBS, and
and hybridized to Murine Genome U74A version 1 chips (Affymetrix).stained for 2 hr, room temperature, with the following antibodies:
Primary data and comparison analysis was done using AffymetrixMyoD, clone 5.8A (BD Pharmingen); Myosin Heavy Chain, clone MF-
Microarray Suite 4.0 as described previously (Chen et al., 2000).20 (Developmental Studies Hybridoma Bank [DSHB]); Pax7 (DSHB);
Lists of genes with 2 fold changes after four possible pairwiseor-catenin (BD Transduction Laboratories). Fluoroscein- or Rhoda-
comparisons between control and experimental samples were mademine-conjugated antibodies (Chemicon) were used for secondary
available as Excel spreadsheets on the CNMC website (http://detection. Cover slides were mounted and analyzed using a Zeiss
microarray.cnmcresearch.org).Axioscop fluorescent microscope.
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